Introduction
The transfer of trace elements from solution to solid calcium carbonate has received a significant amount of interest across a range of fields. The Sr content of biogenic carbonates, both aragonite and calcite, has been used to reconstruct paleo-climatic conditions [1] [2] [3] [4] . Trace element incorporation has been used to understand crystal growth [5] [6] [7] . Furthermore the coprecipitation of Sr into calcium carbonates has been proposed as an attenuation and remediation mechanism for 90 Sr contamination in groundwater [8] [9] [10] . Sulphate ions compete for the carbonate site and, due to the larger sites in aragonite, sulphate hinders the growth of this polymorph the least 14 . Magnesium ions compete for the calcium sites. Mg 2+ ions are smaller than Ca 2+ ions, and therefore preferentially adsorb to calcite over aragonite, due to the smaller calcium sites therein. However, due to its higher hydration energy 15 Mg 2+ retards growth at the calcite surface after adsorption, favouring the precipitation of aragonite. Furthermore, due to the presence of acute and obtuse growth sites at the calcite surface (which affects the geometry/size/adsorption properties of the calcite sites), Mg 2+ affects the morphology of the calcite crystals by preferentially adsorbing to the acute sites due to its small ionic radius 6 .
The incorporation of Sr 2+ into carbonates is dependent on a number of factors.
Strontium may substitute for calcium in the carbonate lattice due to similarities in their ionic radius and charge. However, strontium's larger ionic radius (Ca=1.0 Å Sr=1.13 Å) introduces strain to the mineral lattice, eventually destabilising it at high incorporation rates 16, 17 .
It has been proposed that while incorporation of low levels of Sr 2+ into the calcite lattice may be favourable (although the effect may be within error), increasing Sr 2+ concentrations result in a sharp decrease in step growth speed at both obtuse and acute sites 18 . This latter trend been modelled by calculating step growth rates from a solid solution between rhombohedral calcite and strontianite endmembers, and by assuming that Sr 2+ in the calcite lattice alters the ion activity product of CaCO3 resulting in a higher detachment rate of Ca 2+ ions from the lattice which slows step growth 16 .
Fast crystallisation rates favour Sr 2+ incorporation into calcite by minimising the amount of time the Sr 2+ is exposed at the calcite surface and able to be desorbed and replaced by a more favourable cation [18] [19] [20] [21] Initial unseeded experiments produced both calcite and aragonite across a range of Sr:Ca ratios, with no systematic trend (see SI Table 1 ). Therefore calcite seed crystals with a total mass of 0.73 g (1 m 2 L -1 ) were added to the reactor at the start of the tests to ensure that calcite was the only polymorph produced (SI Table 2 ). The CTSR was initially run for 5 h (with a flow rate of 150 mL h -1 to replace 1 reactor volume/hour) after which time 3 solution samples (~4 mL) were taken at 1 h intervals to confirm that the solution composition in the reactor had equilibrated, and to determine the Ca:Sr ratio. Solution samples were filtered (0.2 µm Polyethersulfone hydrophilic filters) and the temperature and pH were determined using Fisher Scientific, Inc, USA).
Scanning Electron Microscopy and Energy Dispersive Spectroscopy
Precipitate samples were mounted on carbon tape, attached to aluminium stubs and coated with iridium for Scanning Electron Microscope (SEM) analysis on a FEI Quanta 650
Field Emission Gun SEM to investigate crystal morphology. One sample containing 6.36 Wt.
% Sr was set in epoxy resin and polished using silicon carbide paper followed by a water-free diamond paste to provide a smooth surface for Energy Dispersive Spectra (EDS) analysis which was carried out on a Tescan VEGA3 XM, equipped with X-max 150 SDD EDS and Aztec 3.3 data acquisition software.
X-ray Diffraction
Calcite precipitates recovered from the reactor at the endpoint of the experiments were mixed with a small portion of silicon standard and mounted on low background silicon sample holders (the use of a standard enables the resultant XRD pattern to be corrected).
Mineralogical analysis was carried out using a Bruker D8 XRD with a Cu K 1 source.
X-ray Absorption Spectroscopy
Sr K-edge (16,105 eV) X-ray absorption spectra were collected from selected Srcontaining carbonate precipitates on beamline B18 at the Diamond Light Source. Samples were prepared as pressed pellets, dispersed with cellulose and held in Kapton® tape.
Samples were mounted a liquid nitrogen cryostat (80 K) during data collection to reduce the thermal disorder, improving the signal/noise ratio. At beamline B18 focussing of the beam produced for this experiment a spot size of approximately 1x1mm 2 Spectra were gathered from high concentration samples in transmission mode, and in fluorescence mode (using a 9
element Ge solid state detector) for low concentration samples. Multiple XAS scans from each sample were summed and averaged using Athena (version 0.9.25) to maximise the signal/noise ratio. Normalised X-ray absorption near edge structure (XANES) data were plotted and compared to Sr K-edge XANES spectra collected from (Sr-containing) calcite 25 , aragonite 26 and strontianite 27 standards. EXAFS spectra were then extracted and fitted in kspace using Artemis (k range = 3-13, r range = 1.1-4.3) (version 0.9.25) 28 to fit the data using the Markgraf and Reeder 25 calcite model structure.
Results

XRD
XRD analysis of precipitate from the CTSR reactor experiment with a solution Sr/Ca ratio of 0.002 exhibited a peak profile consistent with calcite, displaying a maximum intensity peak at 29.4 2 , and secondary peaks at 39.5, 39.4, 43.1, 47.5, and 48.5 2 .
These peaks are consistent with a pure calcite sample. XRD analysis of the other precipitates from the CTSR reactor experiment exhibited essentially the same peak profile, however the spectra showed clear variation with increasing Wt. % Sr ( Figure 1 ). As the Sr content of the calcite increased the peaks in the XRD spectra exhibited broadening and a shift in the maximum intensity to lower 2 . Above 2.45 Wt. % splitting of the calcite peaks was also observed. It is possible that this splitting was present in lower concentration samples but was masked by the proximity of the peaks (a clear asymmetry can be seen in the 2.45 Wt. % samples).
After Sr Wt. % in the precipitate exceeded 9.23 strontianite was first detected in XRD patterns and became the dominant end product observed when Sr Wt. % in the precipitate exceeded 9.36 (SI Table 2 ). Precipitates containing detectable strontianite were not included in the subsequent analysis of Sr incorporation in calcite.
Sr/Ca ratio in the precipitates
In experiments where the precipitate contained less than 9.36 Wt. 
XAS
Analysis of strontium's coordination environment by XAS is presented in Table 2 .
The lowest Wt. % sample displays Sr-O, Sr-C and Sr-Ca bond lengths and coordination values similar to those observed for Ca-O, Ca-C and Ca-Ca in pure calcite. The lowest Wt. % sample displayed a peak at ~16,108 eV and another at ~16,119 eV ( Figure 5 ). As the Wt. % Sr in the calcite increased the 16,119 eV peak decreased in relative magnitude to become a shoulder to the 16108 eV peak in the 9.47 Wt. % sample. This is consistent with a transition from calcite like coordination environment to a more strontianite/aragonite like coordination environment (both strontianite and aragonite have a 9-fold coordination environment around the divalent metal ion). Bond lengths between Sr and the first and second shells of Ca atoms remained similar across the series (first shell 4.02-4.03 Å, second shell 4.99-5.04 Å), however, there was a progressive decrease in the transform amplitudes observed above 3 Å (Figure 6b) . As a result, the best fit coordination numbers systematically decreased through the series from 6 and 6 for the first and second shell respectively in the 0.21 Wt. % sample to 4 and 1 in the 9.47 Wt. % sample.
Fitting of EXAFS
Discussion
Effect of solution composition on reaction product
In this study Sr bearing calcites were precipitated that contained up to 9.36 Wt. % Sr, which was the upper limit for Sr incorporation to calcite observed in these experiments. Two samples displayed a greater Sr Wt. % (SI Table 2 ) however, XRD analysis indicates one contained strontianite alongside calcite, and both displayed DSr >2. A DSr > 2 was therefore used to identify any further experiments which may have been affected by strontianite precipitation. DSr for Sr incorporation into calcite showed little variation prior to the formation of strontianite (DSr=0.10-0.17), indicating similar rates of carbonate precipitation in these experiments 18 . A minor increase in DSr was observed toward the upper end of our experimental range, prior to the detection of strontianite through XRD. This may indicate the formation of some strontianite below limits of detection for this technique.
Mode of Sr incorporation to calcite
The {104} main XRD peak of Sr substituted calcite, which is nominally at 2 = 29.4, exhibits a linear trend of decreasing 2 ˚ position with increasing Sr Wt. % (Figure 1 ). This indicates that there is a progressive expansion of the calcite lattice volume with increasing Sr 2+ incorporation 24 . Samples with 4.35 and 9.36 Wt. % Sr display peak splitting, the right hand peak is Sr-free calcite (probably the seed crystals), while the left hand peak results from calcite that has become disordered due to the presence of Sr (present as both overgrowths on rhombic seed crystals and as elongate crystals). The 2.45 Wt. % sample does not display splitting on the {104} peak however this peak displays a shift in its 2 ˚, fitting on a linear trend with the other samples. It is therefore likely that this peak is a composite of two peaks, a pure calcite peak and a disordered Sr-calcite peak, which were too close together to be resolved by the XRD software. This interpretation is supported by the EXAFS data, which shows Sr is incorporated into the Ca site within the calcite lattice, and bond lengths calculated in Artemis suggest the strain imparted by increasing the Sr Wt. % causes a change in the coordination environment of Sr. An increase in the coordination of O atoms around the Sr, reflecting a larger M 2+ site. A decrease in the long-range Sr-Ca coordination was also observed which indicates an expansion of the M 2+ sites resulting in increasing distortion of the calcite lattice. The local environment for Sr within calcite progressed from a rhombohedral calcite like coordination to one more similar to the orthorhombic aragonite/strontianite structure ( Figure 5 ). This coordination environment differs from that reported in Littlewood et al 22 , who found that when calcite is formed from the reordering of an ACC precursor through a vaterite intermediary the Sr 2+ was retained in a vaterite like environment. The difference in Sr 2+ coordination between this study and that reported by Littlewood et al. 22 indicates that the crystallization pathway impacts not only how effectively a trace element may be incorporated but also its local coordination environment.
Effect of Sr 2+ on calcite morphology SEM analysis of five precipitates with Wt. % Sr ranging from 0.02-9.36 identified two distinct calcite morphologies, a rhombohedral and an elongate form. Image analysis from these precipitates indicate that the L/W ratio of the elongate morphology displayed a systematic increase as the proportion of Sr in the precipitate increased (Table 1) Several studies have identified a similar elongate calcite morphology displaying elongation about the c-axis produced by the presence of Mg 2+ and organic compounds 6, 29, 30 . Atomic
Force Microscope maps published in Davis et al 6 suggest that Mg 2+ affects the propagation of calcite growth steps by preferentially adsorbing to the acute step sites, causing retardation of the growth rate for these sites and leading to anisotropy in kink propagation.
Due to its larger ionic radius relative to calcium it is expected that Sr 2+ will preferentially adsorb to the obtuse sites rather than the acute sites. The enhanced growth rate parallel to the c-glide plane suggests that this incorporation of Sr 2+ is enhancing the growth rate of the obtuse face Figure 7 . 31 suggest that low concentrations of Sr 2+ may enhance the calcite growth rate as it is contributing to the net precipitation rate.
Step growth rate data 32 
9.47
0.17 # = sample number; L/W = length/width ratio *elongate crystals only; average of > 100 measurements for each sample. 
